This review focuses on the chemical methods used to prepare supported bimetallic heterogeneous catalysts, i.e., bimetallic nanoparticles deposited on a support. The review is limited to the preparation of gold-based bimetallic catalysts and moreover to bimetallic nanoparticles supported on powder inorganic supports, i.e., on the surface or in the porosity, and not on model supports such as single crystals.
Introduction
In the field of heterogeneous catalysis, which involves the use of solid materials as catalysts for gas phase reactions and also for some liquid phase reactions, metal catalysts constitute an important class of catalysts. They are involved in many types of reactions such as hydrogenation, dehydrogenation, hydrogenolysis, isomerization, oxidation, etc. They most often consist of metal particles of nanometric size supported on a support, oxide, carbons etc., so as to stabilize them and in some cases to generate bifunctional catalysts thanks to the acid-base properties of the support. For instance, bifunctional metal-acid catalysts are required for selective ring opening (increase of cetane number), hydroisomerization (increase of octane number), hydrocracking of heavy oils, reforming, and dewaxing. In the last ten years, supported bimetallic particles catalysts have shown a huge development for several reasons:
The intrinsic properties of bimetallic particles may lead to catalytic properties different from those of the parent metals, e.g., to enhanced activity, selectivity, and/or stability; The recent developments of characterization techniques, especially in electron microscopy allow now to characterize the bimetallic character of the particles much more accurately, e.g., to characterize the structure and composition of individual particles, and in addition, often in conditions in situ or operando. The advances in catalyst preparation, especially the development of methods involving the use of colloids (Section 4) or of those based on surface reduction-oxidation reactions (Section 5.3).
Compared to monometallic catalysts, it is obvious that the elaboration, characterization, and catalytic study of bimetallic catalysts are much more complex because of:
The variety of possible metallic couples and their various extents of miscibility; The variety of possible chemical compositions for a given bimetallic system and also the distribution in chemical compositions among the particles of a given sample; The variety of particle structures that depend on the nature of the metals and on the synthesis methods, and their possible restructuration in reaction conditions. DPU of Au-Pd (1 wt%-1 wt%) was found possible on ordered mesoporous silica HMS functionalized with mercaptopropyl groups; after reduction, particles were of around 2 nm and bimetallic according to XRD and XPS [32] . Co-DPU is also an efficient technique for the co-deposition of Au-Cu (HAuCl4 and Cu(NO3)2) on TiO2, leading to small and bimetallic Au-Cu particles with a large range of composition [33, 34] .
Au-Ir/TiO2 (Ir/Au = 1) catalyst (low miscibility) was prepared by sequential depositionprecipitation with urea (DPU) of Ir then Au [35] . Activation under hydrogen at 400 °C led to small metal particles (2-3 nm) . Characterization by CO-DRIFTS revealed the existence of Ir-Au interactions, and XPS and TPR showed that gold hindered the re-oxidation of iridium in oxidizing atmospheres at least to some extent. Finally, the synergistic effect of the two metals observed in the reaction of propene oxidation confirmed the formation of Ir-Au bimetallic particles. Au-Ag catalysts supported on TiO2 were also prepared by sequential deposition-precipitation, DP NaOH of silver first, then DPU of gold with different Au/Ag atomic ratios [8, 36] . UV-visible and micro-EDS of individual particles (3-4 nm) revealed that the bimetallic character of the particles increased with the H2 reduction temperature between 350 and 650 °C. Figure 1 . A Au-Pd nanoparticle on TiO2 support (Co-DP with NaOH at pH 6.5); (a) High-resolution STEM (scanning transmission electron microscopy) image; (b,c,d) high resolution EDS analysis of the same particle-Adapted with permission from [30] . Copyright 2014, Springer.
Combination of Preparation Methods
One can find examples combining two different preparation methods. For instance, Au-Pd/TiO2 catalysts were prepared by PdCl2 impregnation (0.5 wt%) then Au deposition-precipitation (Au/Pd/TiO2) and vice-versa, Au deposition-precipitation then PdCl2 impregnation (Pd/Au/TiO2) [37] . Their characterization study revealed the relevance of the order of the sequences of preparation. For the first sample type, the state of dispersion of Pd on TiO2 changed during the loading of Au, resulting in the formation of Au-Pd alloy particles with a bimodal particle size distribution of average sizes 1.7 and 7.9 nm, and in change in the electronic properties of Pd species. In contrast, the alloy formation was not clearly detected in the second type of sample Pd/Au/TiO2, and the sample contained large Au particles (30-50 nm) in addition to smaller ones of Pd (2-8 nm) . Au-Pd/CeO2-ZrO2 samples were prepared by Au DP with Na2CO3 at pH 8 then after washing and calcination, by impregnation with Figure 1 . A Au-Pd nanoparticle on TiO 2 support (Co-DP with NaOH at pH 6.5); (a) High-resolution STEM (scanning transmission electron microscopy) image; (b,c,d) high resolution EDS analysis of the same particle-Adapted with permission from [30] . Copyright 2014, Springer.
Au-Ir/TiO 2 (Ir/Au = 1) catalyst (low miscibility) was prepared by sequential depositionprecipitation with urea (DPU) of Ir then Au [35] . Activation under hydrogen at 400˝C led to small metal particles (2-3 nm) . Characterization by CO-DRIFTS revealed the existence of Ir-Au interactions, and XPS and TPR showed that gold hindered the re-oxidation of iridium in oxidizing atmospheres at least to some extent. Finally, the synergistic effect of the two metals observed in the reaction of propene oxidation confirmed the formation of Ir-Au bimetallic particles. Au-Ag catalysts supported on TiO 2 were also prepared by sequential deposition-precipitation, DP NaOH of silver first, then DPU of gold with different Au/Ag atomic ratios [8, 36] . UV-visible and micro-EDS of individual particles (3-4 nm) revealed that the bimetallic character of the particles increased with the H 2 reduction temperature between 350 and 650˝C.
One can find examples combining two different preparation methods. For instance, Au-Pd/TiO 2 catalysts were prepared by PdCl 2 impregnation (0.5 wt %) then Au deposition-precipitation (Au/Pd/TiO 2 ) and vice-versa, Au deposition-precipitation then PdCl 2 impregnation (Pd/Au/TiO 2 ) [37] .
Catalysts 2016, 6, 110 5 of 27 Their characterization study revealed the relevance of the order of the sequences of preparation. For the first sample type, the state of dispersion of Pd on TiO 2 changed during the loading of Au, resulting in the formation of Au-Pd alloy particles with a bimodal particle size distribution of average sizes 1.7 and 7.9 nm, and in change in the electronic properties of Pd species. In contrast, the alloy formation was not clearly detected in the second type of sample Pd/Au/TiO 2 , and the sample contained large Au particles (30-50 nm) in addition to smaller ones of Pd (2-8 nm) . Au-Pd/CeO 2 -ZrO 2 samples were prepared by Au DP with Na 2 CO 3 at pH 8 then after washing and calcination, by impregnation with Pd(NO 3 ) 3 followed by calcination at various temperatures [38] . Particles were around 3 nm and bimetallic according to XRD and STEM-HAADF.
Au-Ru/CeO 2 -ZrO 2 samples (low miscibility) were prepared by Au DP with Na 2 CO 3 at pH 8 then after washing and drying, by impregnation with Ru(NO)(NO 3 ) 3 followed by reduction at 350˝C under H 2 [39] . Samples with 1:0.5, 1:1, and 1:2 Au/Ru ratios were prepared, leading to small bimetallic particles from 2.7 to 3.0 nm in average as %Ru increased. Combined STEM-HAADF imaging and STEM-EDS analysis performed over individual particles revealed that the composition of the Au-Ru nanoparticles varied drastically with size; the smallest particles tended to be Ru-rich, while the largest ones were Au-rich in addition to the presence of both types of monometallic particles.
Ion adsorption was associated with impregnation. For instance, for the preparation of Au 1 -Cu 3 /TiO 2 , gold anion adsorption was performed first followed by washing with ammonia then impregnation of Cu(NO 3 ) 2 [40] . After reduction at 300˝C, bimetallic particles were evidenced by HRTEM, TPR, and XPS with 3.5 nm size according to XRD.
One-Pot Deposition-Reduction (Reduction in Liquid Phase)
Up to here, thermal treatments have been mentioned to reduce supported precursors into metal particles. It is also possible to perform a chemical reduction by addition of a reducing agent in the suspension containing the powder sample. However, this requires a further step of thorough washing to eliminate all traces of the reducer. Chemical reduction can also be assisted by microwave. Alternatively, other reduction modes can be performed in the liquid phase, such as photo-reduction or sono-chemical reduction. In most cases, deposition and reduction can be performed in a single step or one-pot. The reduction mode can have an influence on the final particle size and on its composition, but in general, the extent of metal deposition is found to be almost quantitative.
Chemical Reduction
A method for the preparation of bimetallic catalysts consists of the successive deposition of the first metal salt on the support and its reduction by a chemical agent followed by the same procedure for the second metal.
Liu et al. developed this type of method for the preparation of Au-Cu and Au-Ag on silica supports (amorphous and with organized mesopores SBA-15), previously functionalized with APTES (3-aminopropyl triethoxysilane) ( Figure 2 ). A HAuCl 4 solution was added to APTES-SBA-15 [41] or to APTES-SiO 2 [42, 43] , followed by reduction with NaBH 4 . After washing, the solid was immersed into an aqueous solution of copper or silver nitrate, which was then reduced by addition of NaBH 4 . After washing and drying, the solid was calcined at 500˝C then reduced at 550˝C in H 2 . The authors mentioned that the thermal treatment of reduction with H 2 was necessary for the formation of Au-Cu or Au-Ag alloy. In the case of Au-Cu, the resulting metal particle size in SBA-15 was 2.4 nm for Au:Cu = 3:1 and 2.8 nm for Au:Cu = 1:1, i.e., smaller than in the monometallic gold counterpart (5.0 nm) [41, 43] . In the case of silica, the same trend was observed, i.e., Au-Cu nanoparticles were significantly smaller (3.0-3.6 nm) than in the monometallic Au ones (5.7 nm). XRD and HRTEM performed on several particles revealed that the d-spacing corresponded to that of a Au-Cu alloy. In the case of Au-Ag on SBA-15, silica and alumina, the authors insist on the fact that it was imperative to perform a thorough washing after the Au deposition-reduction, in order to remove the chlorides before the addition of AgNO 3 [42] . According to UV-Visible spectroscopy, HRTEM and XPS, nanoparticles of 2-3 nm with a gold-silver alloy core and a silver nanoshell were formed in the channels of SBA-15. After the final thermal treatment of calcination and reduction in H 2 at 550˝C, the nanoparticles maintained their size, but they were transformed into an alloy-type structure. It is noteworthy that the bimetallic particles, Au-Cu or Au-Ag, prepared by this method were found to be highly thermally stable, since their sizes remained substantially unchanged (~3 nm) even upon calcination in air at 500˝C. Au-Pd particles were synthesized on porous germania using hydrazine as the reducing agent [44] . After three days of immersion of calcined germania nanospheres in a solution of HAuCl4 in ethanol and water, hydrazine hydrate was added dropwise. Then, under H2 bubbling and mixing, the color changed from pale-yellow to pink, indicating gold nanoparticle formation. Afterwards, a H2PdCl4 solution was added. The gradual color change indicated the formation of bimetallic particles, and this was confirmed by EDS, XRD, and UV-Visible spectroscopy. TEM showed that the particles were located in the porosity of germania nanospheres, with an average size of 7-10 nm.
Alternatively, Au-Cu supported on silica was prepared by the adsorption of Au(en)2 3+ cations, followed by reduction at 150 °C then by sample immersion in a solution of copper acetate Cu(C2H3O2)2 into a mixture of 1-octadecene, oleic acid ,and oleylamine, under Ar [45] . After water elimination, the sample was washed with ethanol and dried. The mean particle size in AuCu (1:1)/SiO2 was smaller (4 nm) than Au NPs in the Au/SiO2 catalyst (4.9 nm), and EXAFS showed that the particles were bimetallic.
Co-deposition-reduction can also be performed. Au-Pd nanoparticles were prepared on phosphate-modified hydrotalcite by co-impregnation with a solution of HAuCl4 and PdCl2 followed by chemical reduction obtained by addition of lysine (pH 8-9) then of NaBH4, washed and dried at 60 °C [46] . Nanoparticles of 4-5 nm with a d-spacing attesting the formation of Au-Pd alloy were obtained. Au-Ni (non miscible) was also prepared in a single step on activated carbon [47] . A suspension of carbon in an ethylene-glycol solution containing HAuCl4 and NiCl2 was heated at 85 °C then hydrazine (NH2NH2) was added, and the suspension was maintained at basic pH. However, Au-Ni alloying was obtained by heating the sample under N2 at temperatures between 300 and 500 °C. Alloying improved with temperature, but particle size increased (>10 nm) and unalloyed Ni remained on the sample. However, they could be eliminated by acid treatments.
Photo-Deposition
Photo-deposition, co-or successive, is also a method, which allows the preparation of bimetallic catalysts in a single pot. This has been done for Au-Pt NPs in extra large three-dimensional mesoporous titania (EP-TiO2) from a solution containing HAuCl4, H2PtCl6 and the support dispersed in methanol solution [48] . After deoxygenation, the suspension was subjected to UV irradiation. The yield of metal deposition was 90%, and the actual composition was very close to the nominal one. Au-Pd particles were synthesized on porous germania using hydrazine as the reducing agent [44] . After three days of immersion of calcined germania nanospheres in a solution of HAuCl 4 in ethanol and water, hydrazine hydrate was added dropwise. Then, under H 2 bubbling and mixing, the color changed from pale-yellow to pink, indicating gold nanoparticle formation. Afterwards, a H 2 PdCl 4 solution was added. The gradual color change indicated the formation of bimetallic particles, and this was confirmed by EDS, XRD, and UV-Visible spectroscopy. TEM showed that the particles were located in the porosity of germania nanospheres, with an average size of 7-10 nm.
Alternatively, Au-Cu supported on silica was prepared by the adsorption of Au(en) 2 3+ cations, followed by reduction at 150˝C then by sample immersion in a solution of copper acetate Cu(C 2 H 3 O 2 ) 2 into a mixture of 1-octadecene, oleic acid ,and oleylamine, under Ar [45] . After water elimination, the sample was washed with ethanol and dried. The mean particle size in AuCu (1:1)/SiO 2 was smaller (4 nm) than Au NPs in the Au/SiO 2 catalyst (4.9 nm), and EXAFS showed that the particles were bimetallic. Co-deposition-reduction can also be performed. Au-Pd nanoparticles were prepared on phosphate-modified hydrotalcite by co-impregnation with a solution of HAuCl 4 and PdCl 2 followed by chemical reduction obtained by addition of lysine (pH 8-9) then of NaBH 4 , washed and dried at 60˝C [46] . Nanoparticles of 4-5 nm with a d-spacing attesting the formation of Au-Pd alloy were obtained. Au-Ni (non miscible) was also prepared in a single step on activated carbon [47] . A suspension of carbon in an ethylene-glycol solution containing HAuCl 4 and NiCl 2 was heated at 85˝C then hydrazine (NH 2 NH 2 ) was added, and the suspension was maintained at basic pH. However, Au-Ni alloying was obtained by heating the sample under N 2 at temperatures between 300 and 500˝C. Alloying improved with temperature, but particle size increased (>10 nm) and unalloyed Ni remained on the sample. However, they could be eliminated by acid treatments.
Photo-deposition, co-or successive, is also a method, which allows the preparation of bimetallic catalysts in a single pot. This has been done for Au-Pt NPs in extra large three-dimensional mesoporous titania (EP-TiO 2 ) from a solution containing HAuCl 4 , H 2 PtCl 6 and the support dispersed in methanol solution [48] . After deoxygenation, the suspension was subjected to UV irradiation. The yield of metal deposition was 90%, and the actual composition was very close to the nominal one. The Au-Pt particles were 7.3 nm with a Au core-Pt shell structure (Figure 3a,b ). After washing, drying and calcination at 350˝C, the particle size did not drastically change (7.9 nm), but the structure became homogeneous alloy (Figure 3c,d ).
Catalysts 2016, 6, 110 7 of 26 and calcination at 350 °C, the particle size did not drastically change (7.9 nm), but the structure became homogeneous alloy (Figure 3c ,d). Successive photo-deposition has been performed for the preparation of Au-Cu/CeO2. Gold was first photo-deposited according to a protocol close to the one described above, but this led to larger particles (27 nm for 0.2 wt% Au) and it was followed by Cu photo-deposition from copper sulfate precursor, leading to still larger NPs (58 nm for 0 wt% Au and 0.8 wt% Cu) [49] .
Reduction via the Support
Supports such as graphene oxide can also play the role of reducing agent. A simple method was developed to fabricate Au-Ag nanoparticles on graphene oxide thanks to the spontaneous and simultaneous redox reactions between AgNO3, HAuCl4, and graphene oxide in an aqueous solution heated at 84 °C [50] . Characterization by XPS, STEM, and EDS proved that the particles were 10-20 nm and bimetallic of alloy-type with shells enriched in silver. In addition, Au-Ag alloy nanoparticles with other shapes than spherical, i.e., core-shell-like, dendrimer-like and flower-like were obtained by simply modifying the concentration of the reactants and the reaction temperature. Chen et al. [51] also described a one-pot method to synthesize Au-Pd nanoparticles dispersed on graphene nanosheets. They were mixed first in an aqueous solution of HAuCl4, then K2PdCl4 was added at RT, and bimetallic particles of 3.4 nm were obtained according to HRTEM and STEM-HAADF.
Reduction-Deposition (Deposition of Preformed Metal Nanoparticles)
The technique of deposition of metallic nanoparticles preformed in solution (colloids or sols), Successive photo-deposition has been performed for the preparation of Au-Cu/CeO 2 . Gold was first photo-deposited according to a protocol close to the one described above, but this led to larger particles (27 nm for 0.2 wt % Au) and it was followed by Cu photo-deposition from copper sulfate precursor, leading to still larger NPs (58 nm for 0 wt % Au and 0.8 wt % Cu) [49] .
Reduction via the Support
Supports such as graphene oxide can also play the role of reducing agent. A simple method was developed to fabricate Au-Ag nanoparticles on graphene oxide thanks to the spontaneous and simultaneous redox reactions between AgNO 3 , HAuCl 4, and graphene oxide in an aqueous solution heated at 84˝C [50] . Characterization by XPS, STEM, and EDS proved that the particles were 10-20 nm and bimetallic of alloy-type with shells enriched in silver. In addition, Au-Ag alloy nanoparticles with other shapes than spherical, i.e., core-shell-like, dendrimer-like and flower-like were obtained by simply modifying the concentration of the reactants and the reaction temperature. Chen et al. [51] also described a one-pot method to synthesize Au-Pd nanoparticles dispersed on graphene nanosheets. They were mixed first in an aqueous solution of HAuCl 4 , then K 2 PdCl 4 was added at RT, and bimetallic particles of 3.4 nm were obtained according to HRTEM and STEM-HAADF.
Reduction-Deposition (Deposition of Preformed Metal Nanoparticles)
The technique of deposition of metallic nanoparticles preformed in solution (colloids or sols), also called sol immobilization, is another way to prepare supported bimetallic samples. In principle, the advantage of this method is that the particle size is controlled with a narrow size distribution. Metal colloids are obtained by reduction of a metal precursor in solution in the presence of stabilizing or capping agents, which can be molecules such as CO, citrate, thiol, or amine (e.g., lysine or oleyamine), or polymers such as poly-vinylpyrrolidone (PVP), and poly-vinylalcohol (PVA). The stabilizers can also be micelles formed with diblock copolymers or surfactant, and dendrimers. The stabilizers are added to the solution to control the growth of the particles during reduction and avoid aggregation and precipitation. Reduction is usually performed by addition of a chemical agent such as those mentioned earlier, sodium borohydride, hydrazine or weaker reducing agents such as amine-borane complexes, methanol or glucose. The stabilizer may also act as a reducer, this is the case of sodium citrate and tetrakis(hydroxymethyl)phosphonium chloride (THPC). Reduction can be assisted by heating, sonication, radiolysis, UV or microwave irradiation. The formation of a gold-based bimetallic sol is attested by the color change of the solution, for instance from pale yellow or colorless to pink or red for monometallic gold. The average size and size distribution as well as the shape and the composition, strongly depend on the conditions of synthesis.
Depending on the final catalytic applications, stabilizing agents (SA) may have to be eliminated; this is the case for further gas phase catalytic reactions. In the case of liquid phase reaction, the density of SA must be controlled, and the presence of SA can even play a positive role in activity, selectivity and stability; for instance PVA-stabilized Au on SiO 2 showed a positive influence on the activity of glycerol oxidation and selectivity [52] . The removal of SA is a critical step because particles may sinter, and stabilizer residues may poison the catalyst [53] . Thermal treatments under air or oxygen are the most frequently used treatments. However, sintering can be prevented using a SA that decomposes at low temperature. This holds for lysine, which can decompose at 200˝C without growth of the particles (<5 nm) supported on α-Fe 2 O 3 [54] . Alternatively, ozone treatment or plasma activation can be used, both performed at RT. However, they require thin layers of materials, and they are rather applied to planar model catalysts. Only in a few cases, have they been used for powder supports with monometallic gold particles: the removal of thiolate phosphine ligands by flowing ozone at RT led to smaller Au particles (1.2 nm) than after calcination at 400˝C (2.7 nm) [55] , or the decomposition of dodecanethiol by oxygen plasma treatment at RT led to gold NPs much smaller (3.5 nm) than after thermal treatment at 250˝C in He (10-20 nm) [56] , or the removal of PVP by UV-ozone treatment preserved the initial gold particle size (4.9 instead of 4.7 nm) [57] .
Recently, other strategies have been tested to remove the SA. Since many of them are water soluble, attempts have been made to remove them by washing, for instance under water reflux at 90˝C in the case of PVA [58, 59] , and 20% of PVA could be removed and gold particles in Au/TiO 2 only slightly increased in size. PVP and some organothiols were removed by washings with solutions containing NaBH 4 and/or tert-butylamine followed by washing in ethanol/acetone without affecting the size of the NPs [60] [61] [62] . Acidic treatments have also been efficient in some cases [63, 64] .
Colloidal Metal Particles
Preparations involving the deposition of Au-Pd colloids on activated carbon were widely developed by the Prati's group, using polyvinyl alcohol (PVA) as stabilizer and NaBH 4 as reducing agent [65] [66] [67] [68] . The best results in terms of single-phase bimetallic particles with small sizes were obtained after sequential reduction-deposition [66] , i.e., adsorption of PVA-stabilized gold colloids on activated carbon, followed by palladium reduction on gold nanoparticles by bubbling H 2 -a reducing agent milder than NaBH 4 -in the presence of PVA. As a matter of fact, the second step derives from the redox methods described later in Section 5.3. XRD analyses indicated that the particles were bimetallic. Small Au-Pd nanoparticles of~3.6 nm were obtained on carbon nanofibers and carbon nanotubes [68] . The method of co-reduction of HAuCl 4 and PdCl 2 (1:1 molar ratio) by NaBH 4 in the presence of PVA has been used by Hutching's group before immobilization on activated carbon at pH 1 after addition of H 2 SO 4 [69] and on TiO 2 [58] , and led to particle sizes of 5.1 and 3.8 nm, respectively. Konuspayeva et al. [70] used almost the same type of preparation method to prepare Au-Pd and Au-Rh (a non-miscible system) on TiO 2 nanorods, except that adsorption was performed at pH 3.5 using HCl. The authors reported that treatment under H 2 or under O 2 then H 2 at 350˝C was efficient enough to remove PVA without inducing drastic increase in particle size: from 2.5 to around 3 nm in Au-Pd/TiO 2 and from 3 to 3.7 nm in Au-Rh/TiO 2 . Interestingly, electron microscopy revealed that the particles in Au-Pd/TiO 2 remained bimetallic after H 2 or after O 2 then H 2 treatment whereas those in Au-Rh/TiO 2 , turned Janus-type after H 2 treatment, and tended to segregate into two separate phases with small Rh particles and larger Au ones after O 2 then H 2 treatment (Figure 4 ). PVA was also used to stabilize Au-Ag colloids but first with the synthesis of PVA-stabilized Ag to avoid AgCl precipitation then the addition of HAuCl 4 and PVA followed by NaBH 4 [71] . Adsorption of the Au-Ag colloids on TiO 2 was assisted by poly(diallyldimethylammonium) chloride (PDDA) addition. PDDA acted as a "glue" with its positively charged surface because both the surface charges of the Au-Ag colloids and of the silica support were negatively charged at the applied pH. The samples were washed and dried then calcined in air at 400˝C and reduced in H 2 at 350˝C. Based on UV-visible spectroscopy and TEM results, the particles were alloy-type with average size between 2.9 and 5.2 nm depending on the Au/Ag ratio. Based on the same principle, PVA-stabilized Au-Pt colloids with first the synthesis of Pt colloids from H 2 PtCl 6 , PVA and NaBH 4 then the reduction of HAuCl 4 , were adsorbed on multi-walled carbon nanotubes [72] . After treatment in N 2 at 350˝C, the particles were~4 nm and EDX performed on a series of individual NPs showed that most of them were bimetallic.
Catalysts 2016, 6, 110 9 of 26 treatment whereas those in Au-Rh/TiO2, turned Janus-type after H2 treatment, and tended to segregate into two separate phases with small Rh particles and larger Au ones after O2 then H2 treatment ( Figure 4 ). PVA was also used to stabilize Au-Ag colloids but first with the synthesis of PVA-stabilized Ag to avoid AgCl precipitation then the addition of HAuCl4 and PVA followed by NaBH4 [71] . Adsorption of the Au-Ag colloids on TiO2 was assisted by poly(diallyldimethylammonium) chloride (PDDA) addition. PDDA acted as a "glue" with its positively charged surface because both the surface charges of the Au-Ag colloids and of the silica support were negatively charged at the applied pH. The samples were washed and dried then calcined in air at 400 °C and reduced in H2 at 350 °C. Based on UV-visible spectroscopy and TEM results, the particles were alloy-type with average size between 2.9 and 5.2 nm depending on the Au/Ag ratio. Based on the same principle, PVA-stabilized Au-Pt colloids with first the synthesis of Pt colloids from H2PtCl6, PVA and NaBH4 then the reduction of HAuCl4, were adsorbed on multi-walled carbon nanotubes [72] . After treatment in N2 at 350 °C, the particles were ~4 nm and EDX performed on a series of individual NPs showed that most of them were bimetallic. PVP was also used for the preparation of Au-Pd particles by co-reduction of HAuCl4 and PdCl2 with ethanol added to water under reflux under N2 at 90 °C [73] . After adsorption on silica, washing and drying, the particle size was 3.5 nm for the 1:1 Au/Pd ratio but 6.2 nm after calcination at 400 °C and reduction in H2 at 200 °C, and a fraction of the particles were monometallic Pd.
Tetrakis (hydroxypropyl) phosphonium chloride (THPC), which is both a stabilizer and a reducing agent, was used by Baiker et al. [74] to prepare Au-Pd supported on titania, alumina, and silica, after co-reduction of HAuCl4 and Na2PdCl4 in a basic solution of THPC. After adsorption on the supports at pH 2, washing, drying, and further reduction at 250 °C, the particles were 3.5 nm on alumina, 3.0 nm on TiO2 and 5.6 nm on SiO2. The results of STEM-HAADF, EXAFS and CO-DRIFTS indicated that the particles were bimetallic.
Rh Au
Rh a b PVP was also used for the preparation of Au-Pd particles by co-reduction of HAuCl 4 and PdCl 2 with ethanol added to water under reflux under N 2 at 90˝C [73] . After adsorption on silica, washing and drying, the particle size was 3.5 nm for the 1:1 Au/Pd ratio but 6.2 nm after calcination at 400˝C and reduction in H 2 at 200˝C, and a fraction of the particles were monometallic Pd. Tetrakis (hydroxypropyl) phosphonium chloride (THPC), which is both a stabilizer and a reducing agent, was used by Baiker et al. [74] to prepare Au-Pd supported on titania, alumina, and silica, after co-reduction of HAuCl 4 and Na 2 PdCl 4 in a basic solution of THPC. After adsorption on the supports at pH 2, washing, drying, and further reduction at 250˝C, the particles were 3.5 nm on alumina, 3.0 nm on TiO 2 and 5.6 nm on SiO 2 . The results of STEM-HAADF, EXAFS and CO-DRIFTS indicated that the particles were bimetallic.
Citrate, which also acts as both a stabilizer and a reducing agent, was used for the preparation of Au-Pd particles on TiO 2 [75, 76] . Au-Pd/TiO 2 was prepared from an aqueous solution of HAuCl 4 and PdCl 2 reduced by a mixture of sodium citrate and tannin; the average nanoparticle size was 4.2 nm [75] . However, after adsorption on titania at pH 2, and thermal treatment at 400˝C under O 2 then at 200˝C under H 2 , the particles became larger (10 nm). XRD and in situ EXAFS showed that the particles were bimetallic. In ref. [76] , the same method was used to prepare Au-Pd/TiO 2 , but smaller NPs (1 to 5 nm) were obtained after calcination at 350˝C (no red). Au-Pd/graphene was prepared from a graphene oxide in suspension in sodium citrate solution sonicated then heated to 100˝C [77] . A solution of Pd acetate, chloroauric acid, and ascorbic acid was added, and the whole mixture was stirred at 100˝C, inducing also the reduction of graphene oxide into graphene. After washing and drying, the particles were smaller than 10 nm, and STEM-HAADF and EELS revealed the presence of Au core-Pd shell structures ( Figure 5 ). This method was also applied for the preparation of Au-Ag colloids [78] . Note that the AgNO 3 precursor solution was diluted enough to avoid AgCl precipitation in the presence of HAuCl 4 . The colloids were adsorbed on a TiO 2 support under UV-irradiation. The resulting sample contained bimetallic particles of around 10 nm-size.
Catalysts 2016, 6, 110 10 of 26 stirred at 100 °C, inducing also the reduction of graphene oxide into graphene. After washing and drying, the particles were smaller than 10 nm, and STEM-HAADF and EELS revealed the presence of Au core-Pd shell structures ( Figure 5 ). This method was also applied for the preparation of Au-Ag colloids [78] . Note that the AgNO3 precursor solution was diluted enough to avoid AgCl precipitation in the presence of HAuCl4. The colloids were adsorbed on a TiO2 support under UV-irradiation. The resulting sample contained bimetallic particles of around 10 nm-size. One can find also few examples of colloid preparation in the organic phase. For instance, TiO2supported Au-Cu nanoparticles with Au:Cu ratios of 3:1, 1:1 and 1:3 were synthesized from preformed thiol-capped nanoparticles in toluene. They were obtained after phase transfer of AuCl4 − and Cu 2+ ions from aqueous solution of HAuCl4 and Cu(NO3)2 to toluene, using tetraoctylammonium bromide as a phase transfer reagent. Dodecanethiol was then added as stabilizer, and reduction proceeded by addition of aqueous solution of NaBH4 [79] . After solvent removal and re-dissolution in toluene, the colloids were impregnated on titania (1.2 wt%). After calcination at 400 °C, the same One can find also few examples of colloid preparation in the organic phase. For instance, TiO 2 -supported Au-Cu nanoparticles with Au:Cu ratios of 3:1, 1:1 and 1:3 were synthesized from pre-formed thiol-capped nanoparticles in toluene. They were obtained after phase transfer of AuCl 4á nd Cu 2+ ions from aqueous solution of HAuCl 4 and Cu(NO 3 ) 2 to toluene, using tetraoctylammonium bromide as a phase transfer reagent. Dodecanethiol was then added as stabilizer, and reduction proceeded by addition of aqueous solution of NaBH 4 [79] . After solvent removal and re-dissolution in toluene, the colloids were impregnated on titania (1.2 wt %). After calcination at 400˝C, the same average particle size (5.6-5.8 nm) was found in all samples, and EELS and HRTEM attested the presence of the same Au-Cu alloy structure.
Metal Particles in Micelles
Reverse micelles as stabilizers, i.e., water in oil emulsion, are sometimes used to prepare mono and bimetallic particles. Au-M particles (M. Fe, Co, Ni, Cu, Zn) synthesized in reverse micro-emulsion were supported on carbon [80, 81] . For instance, in the case of the Au-Ni system, two sets of reverse micelle solutions were prepared by adding AOT (the surfactant, sodium bis(2-ethylhexyl)sulfosuccinate) in n-heptane (the oil phase) separately to an aqueous solution of HAuCl 4 and NiCl 2 and to one containing NaBH 4 [80] . The two sets of reverse micelle solutions were mixed, leading to the formation of metal particles, then the carbon support was added to the solution. After washing and drying then reduction at 250˝C, the particles were uniformly dispersed on carbon with size~3 nm. The Au/Ni ratios measured by EDX were close to the nominal ones (3:1, 1:1, and 1:3). No direct proof was provided that the NPs were bimetallic but the electrocatalytic results indicated that gold was modified by nickel. The same authors applied this method for the preparation of other Au-M bimetallics on carbon, Au-M/C (M, Fe, Co, Cu, Zn) with a Au:M ratio of 1:1 [81] . The atomic ratios measured by EDX were close to 1:1, and again, the electrocatalytic properties, attested that the particles were bimetallic.
Au-Pd particles on carbon with Au:Pd atomic ratio varying from 0.1 up to 2.1 were also prepared by the reverse "water-in-oil" microemulsion technique [82] . However, in this case, a single aqueous solution of PdCl 2 and HAuCl 4 was added to the solution of Triton-X-114 (polyoxyethylene (7, 8) octylphenyl ether, the surfactant) in cyclohexane (the oil phase), to which hydrazine was then added. The reduction of metal ions was fast, and the color of liquid quickly changed to black. Then, carbon support was introduced, and deposition of metal nanoparticles on the support was carried out by introducing THF (tetrahydrofuran): the liquid became gradually colorless, showing complete deposition of metal particles on the support. After thorough washing with methanol and acetone then with water, the catalysts were dried at 120˝C. The metal particles in the Au-Pd/C catalysts were of 5-8 nm in size. The average particle size of low Au-contents (Au:Pd <0.8) were smaller than Pd (6.7 nm), but the particle size increased with the Au:Pd ratio, and for the one of 2:1, it was only slightly smaller than that of Au (8.2 nm). XRD and EDS analyses indicated Au-Pd alloy formation, and the slight XPS shift in Pd binding energy with respect to that of Pd was also an indication of Au-Pd interaction.
Block copolymer micelles formed by polystyrene-b-poly(4-vinylpyridine) (PS-b-P4VP) in toluene were used as nanoreactors for preparing bimetallic Au-Ag nanoparticles with Au:Ag ratio of 1:1 on several supports, TiO 2 , nanostructured TiO 2 (n-TiO 2 ), and Al 2 O 3 [83] . AgNO 3 was first added to PS-b-P4VP in toluene and allowed 24 h for diffusion into the micelle cores, then HAuCl 4 was added and left with stirring for 24 h, then the reducer, hydrazine, was added. NPs with an average diameter of 3.1 nm were observed by TEM, and EDX performed on 30 single particles confirmed that all particles contained both Au and Ag with an atomic ratio of 1. The support was mixed with the colloidal solution and the suspension was dried. To remove the polymer shell, a thermal treatment was carried out at 400˝C using pure H 2 or O 2 . After treatment at 400˝C in H 2 , broader particle size distribution between 5 and 20 nm was obtained on TiO 2 whereas on n-TiO 2 , the distribution was much narrower 2 to 7 nm, resulting in an average diameter of 3.1 nm. Using O 2 for the thermal treatment, similar small NPs were obtained on n-TiO 2 while they sintered on TiO 2 and alumina (12 nm).
In this last example, interfacially cross-linked reverse micelles (ICRMs) were used to accommodate anionic gold and palladium complexes in their ammonium-lined hydrophilic cores [84] . Unlike dynamic reverse micelles that constantly exchange surfactants and internal contents with one another, the ICRMs are stable core-shell organic nanoparticles with tunable properties. Deposition onto a solid support (TiO 2 ) followed by thermal treatment led to supported bimetallic nanoparticles. Practically, an aqueous solution of H 2 PdCl 4 and HAuCl 4 was mixed with a solution of ICRM dissolved in chloroform in order to be extracted by the ICRM core. During this step, the complexes were reduced by the bromide counterion in the ICRM core. The organic phase was separated, washed with water, and concentrated in vacuum to give a powder, which was dissolved again in chloroform. This solution was added to TiO 2 dispersed in chloroform and stirred. After chloroform evaporation, the sample was heated at 250˝C then at 350˝C under H 2 to decompose the ICRMs; metal nanoparticles with average size of 3 nm were obtained. The Pd/Au ratio in the sample was in agreement with the initial loadings. XPS indicated charge transfer from Pd to Au.
Metal Particles in Dendrimers
The stabilizers of the gold colloids can also be dendrimers, often PAMAM's (polyamidoamines), which are commercially available. These are hyperbranched polymers that ramify from a single core and form a porous sphere [85, 86] (Figure 6 ). Dendrimers are defined by the number of generations and the nature of the termination function, e.g., G4-OH or G6-NH 2 . Dendrimer-encapsulated nanoparticles (DENs) are synthesized by sequestering metal ions in dendrimers, which are afterwards chemically reduced. One can find several studies exploring the use of DENs to synthesize supported bimetallic catalysts. These DENs can be obtained by co-complexation of both metal salts followed by reduction or through successive complexations then reduction. The experiments must be performed under neutral atmosphere. Several protocols of deposition are proposed: the formation of DENs then support deposition, the use of DENs as nano-reactors to form bimetallic particles that are then extracted and deposited on a substrate, and the use of DENs to template the porosity of the support (Section 6.1).
Catalysts 2016, 6, 110 12 of 26 and the nature of the termination function, e.g., G4-OH or G6-NH2. Dendrimer-encapsulated nanoparticles (DENs) are synthesized by sequestering metal ions in dendrimers, which are afterwards chemically reduced. One can find several studies exploring the use of DENs to synthesize supported bimetallic catalysts. These DENs can be obtained by co-complexation of both metal salts followed by reduction or through successive complexations then reduction. The experiments must be performed under neutral atmosphere. Several protocols of deposition are proposed: the formation of DENs then support deposition, the use of DENs as nano-reactors to form bimetallic particles that are then extracted and deposited on a substrate, and the use of DENs to template the porosity of the support (Section 6.1). Initially, the synthesis of bimetallic particles in dendrimers was developed to overcome the difficulty of preparing bimetallic particles with a miscibility gap, such as Au-Pt, Au-Ni or Au-Ir. For example, hydroxy-terminated fifth generation PAMAM dendrimers (G5-OH) were used to synthesize Au-Pt DENs before deposition on silica, alumina, and titania [87, 88] . However, because of the large standard potential of the aurate ion (+1 V vs. NHE), the Au and Pt precursors could not be directly reduced in dendrimers. Therefore, a "Cu exchange" method was proposed, involving G5- Initially, the synthesis of bimetallic particles in dendrimers was developed to overcome the difficulty of preparing bimetallic particles with a miscibility gap, such as Au-Pt, Au-Ni or Au-Ir. For example, hydroxy-terminated fifth generation PAMAM dendrimers (G5-OH) were used to synthesize Au-Pt DENs before deposition on silica, alumina, and titania [87, 88] . However, because of the large standard potential of the aurate ion (+1 V vs. NHE), the Au and Pt precursors could not be directly reduced in dendrimers. Therefore, a "Cu exchange" method was proposed, involving G5-OH PAMAM dendrimers in preparing Cu nanoparticles; the latter then acted as in situ reducing agent for HAuCl 4 and K 2 PtCl 4 (1:1) ( Figure 6 ); this is in fact a galvanic replacement reaction as developed later in Section 5.3. After adsorption of the Au-Pt DENs onto the different supports cited above, the samples were washed with EDTA solution to remove the remaining Cu, then calcined and reduced under H 2 at 300˝C. TEM, EDS, and CO-FTIR spectroscopy showed that this preparation route resulted in nanoparticles in which the two metals were intimately mixed, and that most of the bimetallic nanoparticles were smaller than 3 nm. For the preparation of Au-Ni/TiO 2 , the method applied was more complex [89] . Ammine-terminated G5 PAMAM dendrimers were first grafted to a silica support via a siloxane-linked anhydride. The dendrimers were then alkylated and used to template the Au-Ni nanoparticles resulting from the co-reduction of NiCl 2 and HAuCl 4 with NaBH 4 . These nanoparticles were subsequently extracted from the supported dendrimers by toluene containing decanethiol that acted as new capping ligand. The thiol-stabilized Au-Ni particles were separated by centrifugation. After adsorption on TiO 2 , the thiol ligands were decomposed under H 2 at 300˝C. TEM, EDS, and CO-DRIFTS indicated the presence of bimetallic nanoparticles of~3 nm with a Ni core-Au shell structure. In this other example, four sequential synthesis routes involving G4-OH PAMAM dendrimers were tested to produce bimetallic Au-Ir particles (Figure 7) , which were afterwards supported on alumina [90] . The sample containing in fine the smallest metal particles (1.6 nm) was the one prepared from IrCl 3 solution mixed first with the dendrimer solution for 7 days under N 2 to allow complexation without Ir 3+ oxidation. Then, HAuCl 4 solution was added, and complexation readily took place. The resulting solution was used for alumina impregnation, followed by calcination at 350˝C then reduction at 400˝C. were subsequently extracted from the supported dendrimers by toluene containing decanethiol that acted as new capping ligand. The thiol-stabilized Au-Ni particles were separated by centrifugation. After adsorption on TiO2, the thiol ligands were decomposed under H2 at 300 °C. TEM, EDS, and CO-DRIFTS indicated the presence of bimetallic nanoparticles of ~3 nm with a Ni core-Au shell structure. In this other example, four sequential synthesis routes involving G4-OH PAMAM dendrimers were tested to produce bimetallic Au-Ir particles (Figure 7) , which were afterwards supported on alumina [90] . The sample containing in fine the smallest metal particles (1.6 nm) was the one prepared from IrCl3 solution mixed first with the dendrimer solution for 7 days under N2 to allow complexation without Ir 3+ oxidation. Then, HAuCl4 solution was added, and complexation readily took place. The resulting solution was used for alumina impregnation, followed by calcination at 350 °C then reduction at 400 °C. Figure 7 . Four sequential method of preparation of bimetallic Au-Ir particles in dendrimers before impregnation on alumina: (B1) IrCl3 then HAuCl4 adsorption (B1NR) and reduction with NaBH4 (B1R); (B2) HAuCl4 adsorption and reduction with NaBH4 then IrCl3 adsorption (B2R1) and reduction with NaBH4 (B2R2). Copied with permission from [90] . Copyright 2013, American Chemical Society.
For "easier" bimetallic systems, such as Au-Pd, the nanoparticles can be synthesized in dendrimers by complexation of K2PdCl4 then of HAuCl4, followed by chemical reduction with NaBH4. This was done for the synthesis of Au-Pd (1:1) in G4-PAMAM built in the channels of SBA-15 [91] (see Section 6.2).
Microwave-Assisted Reduction
Several protocols of microwave-assisted reduction can be applied to the preparation of bimetallic catalysts: co-reduction before deposition onto a support, co-reduction in the presence of a support and sequential reduction-deposition. One can note that the temperatures reached during microwaving are scarcely reported.
In this example, bimetallic Au-Cu particles were prepared with microwave assistance before deposition on a TiO2 support. The Au-Cu colloids (1:1) were synthesized by co-reduction of HAuCl4 Figure 7 . Four sequential method of preparation of bimetallic Au-Ir particles in dendrimers before impregnation on alumina: (B1) IrCl 3 then HAuCl 4 adsorption (B1NR) and reduction with NaBH 4 (B1R); (B2) HAuCl 4 adsorption and reduction with NaBH 4 then IrCl 3 adsorption (B2R1) and reduction with NaBH 4 (B2R2). Copied with permission from [90] . Copyright 2013, American Chemical Society.
For "easier" bimetallic systems, such as Au-Pd, the nanoparticles can be synthesized in dendrimers by complexation of K 2 PdCl 4 then of HAuCl 4 , followed by chemical reduction with NaBH 4 . This was done for the synthesis of Au-Pd (1:1) in G4-PAMAM built in the channels of SBA-15 [91] (see Section 6.2).
In this example, bimetallic Au-Cu particles were prepared with microwave assistance before deposition on a TiO 2 support. The Au-Cu colloids (1:1) were synthesized by co-reduction of HAuCl 4 and CuSO 4 by glucose in an alkaline aqueous solution containing PVP [92] . Microwaving allowed the solution to rapidly reach the temperature of 90˝C, and to induce rapid reduction of the metal precursors. The Au-Cu colloids were then immobilized onto TiO 2 by solvent evaporation and drying. EDS of individual particles (4.4 nm in average) showed that the particles were bimetallic. No ordering or segregation effects were observed by STEM-HAADF and the Au:Cu ratio was quite constant irrespective of the particle size.
Au-Pt nanoparticles supported on carbon black (10 wt % Pt + 10 wt % Au) were prepared by microwave-assisted polyol reduction method, i.e., by co-reduction of HAuCl 4 and H 2 PtCl 6 in the presence of the support in suspension in ethylene glycol [93] . After pH adjustment to 10, the suspension was microwaved under stirring. After washing and drying, the average metal particle size was 3.3 nm and after thermal treatment at 500˝C under H 2 , it was 4.7 nm. XRD showed that the position of the diffraction peaks of the metal particles were between those of Au and Pt NPs, indicating the formation of Au-Pt nanoalloy. Au and Pt being immiscible, the alloy formation was attributed to the fast reduction rates of both metal ions under microwave conditions. However, the thermal treatment enabled the migration of Au atoms from the subsurface to the particle surface, as attested by XPS.
The last example concerns the preparation of Au-Ag nanoparticles into porous carbon spheres. First, Ag nanoparticles were synthesized by microwaving an aqueous suspension of carbon in which [Ag(NH 3 ) 2 ] + was pre-adsorbed and to which PVP was added [94] . Metal Ag nanoparticles with a diameter of~10 nm were formed in the porosity of the carbon spheres. During microwaving, the Ag ions were reduced by electrons arising from the carbon support. Au was then incorporated by immersion of Ag/C in a HAuCl 4 solution at RT without additional reducing agent. The particles were larger than 10 nm, and STEM-EDS revealed particles with Ag core-Au shell structure. The same procedure was used by the same authors for the preparation of Au-Pd nanoparticles into porous carbon spheres [95] ; Ag(NH 3 ) 2 (NO 3 ) was replaced by PdCl 2 .
Specific Methods for the Preparation of Bimetallic Catalysts

Bimetallic Clusters
Organo bi-metallic precursors are sometimes used for the preparation of supported bimetallic particles. Once they are supported, the samples are thermally treated in order to decompose the precursors and form the bimetallic NPs. One can find only very few examples concerning gold-based bimetallics. Pt 2 Au 4 (C"CtBu) 8 was adsorbed onto silica from hexane solution; after calcination at 300˝C and reduction at 200˝C, this led to~2.5 nm particles of alloy-type according to the TPR and CO-DRIFTS characterization results [96] . [NEt 4 ][AuFe 4 (CO) 16 ] is another precursor, which was impregnated on titania, but after decomposition at 400˝C in N 2 , gold nanoparticles (from 3 to 7 nm for Au loadings from 2 to 7 wt %) were found anchored onto the titania surface through an iron oxide interface [97] .
Radiolysis-Assisted Reduction
Radiolytic reduction of metal ions in aqueous solutions is a method suitable for the synthesis of mono and bimetallic nanoparticles, but in the case of supported materials, this method has been used only for the synthesis of bimetallic NPs. The principle is the following: the hydrated electrons and the reducing radicals produced during the radiolysis of water by irradiation with γ-rays or accelerated electrons, reduce the metal ions. Depending on the dose rate, alloy-type or core-shell particles can be formed. Reduction can be performed either before support adsorption, which requires the addition of stabilizing agent, or directly in the presence of the support.
Au-Pd nanoparticles were produced by radiolysis, then adsorbed on an alumina support [98] . The aqueous solution containing HAuCl 4 and Pd(NO 3 ) 2 was irradiated under a N 2 atmosphere in the presence of PVA as stabilizing agent and of 2-propanol as scavenger of oxidizing OH‚ radicals. Under γ irradiation, Au core-Pd shell particles of 3-4 nm were obtained whereas under electron beam, i.e., at higher dose rate, very fast reduction occurred and alloy-type nanoparticles of 2-3 nm were formed. After adsorption on alumina, washing and drying, reduction at 300˝C was performed to remove PVA. This led to particle reconstruction in both cases without drastic change of size (~3 nm) but with different proportions of Pd on the particle surface.
Radiolysis can also be used to overcome the difficulty of preparing bimetallic nanoparticles with a miscibility gap. Bimetallic Au-Pt nanoparticles (1:0.75) were prepared by reduction of H 2 PtCl 6 and HAuCl 4 under γ-rays in an aqueous solution containing PVA and polyacrylic acid (PAA) [99] . After adsorption onto a silica support, calcination at 400˝C then reduction at 500˝C, the metal particles were 4.6 nm in size. The characterization by XRD, TEM-EDS, and CO-FTIR indicated that the particles, which had a Au core-Pt shell structure after radiolysis, transformed into an alloy-type structure with a Au-rich surface after deposition on silica and thermal treatments.
Radiolysis can also be performed directly in the presence of the support and without stabilizer. An aqueous solution containing HAuCl 4 and H 2 PtCl 6 (1:1), 2-propanol and γ-Fe 2 O 3 powder in suspension was irradiated by electron beam [100] . The resulting particles were 2.9 nm, and the XRD peak located between those of Pt (111) and Au (111) indicated that the particles were bimetallic.
Surface Redox Methods
Methods based on surface reduction-oxidation (redox) reactions to prepare supported bimetallic catalysts were developed first by Barbier and colleagues [101] [102] [103] , then more recently by Monnier and colleagues [104, 105] . They are based on the principle that a second metal can be deposited on the first one already supported, thanks to a redox reaction selectively occurring on the particle surface of the first metal.
This can be achieved by the so-called "direct surface redox reactions", or also called "galvanic replacement reaction (GRR)", i.e., by a redox reaction between the oxidized precursor of the second metal in aqueous solution and the pre-reduced supported particles of the first metal (Figure 8a ). This occurs spontaneously when the redox potential of the second metal is higher than that of the first metal. Hence, the precursor of the second metal is reduced on the first metal, and the latter is oxidized and dissolved in the solution, and therefore also acts as a sacrificial component. Radiolysis can also be performed directly in the presence of the support and without stabilizer. An aqueous solution containing HAuCl4 and H2PtCl6 (1:1), 2-propanol and γ-Fe2O3 powder in suspension was irradiated by electron beam [100] . The resulting particles were 2.9 nm, and the XRD peak located between those of Pt (111) and Au (111) indicated that the particles were bimetallic.
This can be achieved by the so-called "direct surface redox reactions", or also called "galvanic replacement reaction (GRR)", i.e., by a redox reaction between the oxidized precursor of the second metal in aqueous solution and the pre-reduced supported particles of the first metal (Figure 8a ). This occurs spontaneously when the redox potential of the second metal is higher than that of the first metal. Hence, the precursor of the second metal is reduced on the first metal, and the latter is oxidized and dissolved in the solution, and therefore also acts as a sacrificial component. Surface redox preparation can also be achieved through a "redox reaction assisted by a reducing agent" adsorbed or activated on the pre-reduced catalyst, for instance hydrogen dissociatively adsorbed on the first metal (Figure 8b) [101] [102] [103] or a reducing agent such as dimethylamine borane or hydrazine, activated by the first supported metal [104, 105] ; this method is also called "Electroless Deposition" (ED). Note that successful redox deposition requires that the reducing agent cannot reduce the precursor of the second metal in solution (or that its kinetic of reduction is much longer Surface redox preparation can also be achieved through a "redox reaction assisted by a reducing agent" adsorbed or activated on the pre-reduced catalyst, for instance hydrogen dissociatively adsorbed on the first metal (Figure 8b) [101] [102] [103] or a reducing agent such as dimethylamine borane or hydrazine, activated by the first supported metal [104, 105] ; this method is also called "Electroless Deposition" (ED). Note that successful redox deposition requires that the reducing agent cannot reduce the precursor of the second metal in solution (or that its kinetic of reduction is much longer than that of reduction on the first metal), and that the precursor cannot adsorb onto the support. All these methods have been applied to the preparation of gold-based bimetallic catalysts. In principle, these methods do not require further thermal treatments since both metals are supposed to be reduced during the preparation, but they may re-oxidize in air during transfer in the catalytic reactor. Therefore, a mild reduction treatment at around 200˝C is often applied before reactions.
Au-Ag bimetallic NPs were synthesized by GRR on microspheres containing a Fe 3 O 4 core and a carbon shell [106] . The addition of a solution of HAuCl 4 to metallic Ag nanoparticles supported on these microspheres, followed by incubation at 50˝C, led to the formation of the Ag-Au particles. Indeed, the standard reduction potential of the AuCl 4´/ Au pair (0.99 V vs. SHE (standard hydrogen electrode)) is higher than that of the Ag + /Ag pair (0.80 V vs. SHE), so the Ag particles are oxidized into Ag + ions, which are leached out, and HAuCl 4 is reduced on the Ag particles. Bimetallic Au-Ag NPs supported on TiO 2 were also obtained through GRR, between photo-deposited Ag/TiO 2 and aqueous HAuCl 4 solution heated under reflux [107] . The particle size remained almost unchanged (1.5 nm). Au-Cu/TiO 2 was synthesized by a one-pot photodeposition-GRR method [108] : After deoxygenation and pH adjustment to 7, the suspension of TiO 2 in a solution of Cu acetate in water and ethanol was UV-irradiated to photo-deposit Cu nanoparticles onto TiO 2 . Then, a deoxygenated HAuCl 4 solution was added to perform GRR in the dark. Small-size metal nanoparticles (<2 nm) with Au-rich core/Cu shell structure were found dispersed on the TiO 2 surface.
The redox method with pre-adsorbed hydrogen was applied to the preparation of Au-Pd/SiO 2 catalysts: A de-aerated solution of HAuCl 4 was added to an aqueous suspension of reduced Pd/SiO 2 on which hydrogen was pre-adsorbed by bubbling H 2 [109] . After washing and drying, the sample was calcined at 300˝C and reduced at 200˝C. The initial Pd particle size was 3.5 nm, and 4.3 nm after gold deposition and thermal treatment, and the particles were alloy-type. The same procedure was used for a titania support [110] . EDS showed the presence of both Au and Pd in the particles with a composition close to the metal loadings, but no particle size was reported in the paper. The redox method with pre-adsorbed hydrogen was also used to prepare bimetallic nanoparticles from non-miscible metals. Bimetallic Au-Pt/SiO 2 catalysts were prepared by depositing Au (up to 2.2 wt %) from a HAuCl 4 solution at pH 1 on Pt/SiO 2 (6.3 wt %) containing Pt particles of 2.7 nm [111] . After washing and drying, the particles were bimetallic according to EDS measurements, but they were much larger than initially (6.5 nm) because of sintering in the liquid phase. Au-Ru/C samples were also prepared according to the same principle [112] . In this case, after gold deposition (0.85 wt %) on a Ru/C catalyst (5 wt %), the particles were slightly larger (2.9 nm) than the Ru particles (2.6 nm). However, their composition was at variance. EDS measurements revealed that those in the 1.5-3 nm range contained mainly Ru, while those in the mid-size range (5-10 nm) contained both Au and Ru, and the few larger ones (>10 nm) mainly contained Au.
Up to now, electroless deposition (ED) with gold has been applied only to the preparation of Au-Pd particles supported on silica [113, 114] and on carbon [115] . Au ED was performed at pH 9 on large Pd particles of commercial Pd/SiO 2 catalysts, using KAu I (CN) 2 as precursor and hydrazine as the reducing agent, which was activated onto the Pd particles. Note that under such experimental conditions, gold reduction occurs only on Pd particles and not in solution and the pH conditions prevented electrostatic interaction of the gold precursor with the support. After ED completion (around 2 h) and thorough washing, EDS, CO-DRIFTS, and XPS characterization showed that the particles were bimetallic; the results also showed that the coverage of Pd by Au could be controlled by the amount of gold in the ED solution. For the preparation of Au-Pd/C [115] , the same protocol was adopted with Pd/C, except that the solution was heated at 40˝C and pH was adjusted to 12.
Gold-Based Bimetallic NPs Embedded in a Matrix
In this section, several strategies of synthesis of gold-based bimetallic nanoparticles embedded into inorganic matrices containing opened porosity are presented. They involve the addition of metal precursors or preformed metal particles during the synthesis of the matrices prepared either by precipitation or sol-gel, or post-synthesis through their addition in the porosity. A sub-section is also devoted to the synthesis of NPs in an inorganic-organic matrix of the MOF-type.
Embedding during Synthesis of Inorganic Matrix
One method is the co-precipitation, which allows a one-pot preparation of both the bimetallic particles and the oxide supports, such as α-Fe 2 O 3 , Co 3 O 4 , MnO 2 , CuO, CeO 2 , and ZnO. Co-precipitation is generally performed by addition of sodium carbonate to aqueous solutions containing HAuCl 4 , the second metal precursor and the nitrate precursor of the oxide support at controlled pH and temperature. After aging, the co-precipitate is washed thoroughly to remove sodium and chlorides, dried, and thermally treated to form metallic particles and to transform the oxy-hydroxy-carbonate precipitate into oxide. In fact, co-precipitation is barely used for the preparation of bimetallic particles in matrices. However, one can cite one example with the preparation of Au-Pt/CeO 2 from an aqueous solution containing H 2 PtCl 6 and HAuCl 4 , Ce(NO 3 ) 3, and urea, which was aged at 100˝C for 50 h [116] . After calcination at 500˝C, the metal particles were 5-10 nm and bimetallic, and they were larger than Au and Pt in monometallic samples, 5-6 and 2-3 nm, respectively.
Metal precursors or bimetallic colloids are rather introduced in sol-gel precursor mixtures of the oxide matrices. One can first cite the case of the synthesis of Au-Cu particles in SiO 2 , ZrO 2, and TiO 2 performed by introduction of HAuCl 4 and CuCl 2 salts into the sol precursors containing alkoxides [117] . After drying, calcination and reduction at 500˝C, the particles were bimetallic and of alloy-type with sizes between 25 and 38 nm depending on the nature of the matrix.
Bimetallic colloids can be mixed with sol-gel mixtures, for instance for embedding of Au-Pd colloids in mesoporous silica [118] . Tetraalkylammonium-stabilized Au-Pd colloids dispersed in THF were added to a sol-gel mixture of TEOS, THF, H 2 O, and HCl. No increase in the bimetallic particle size, initially of 3 nm, was observed after the mesoporous silica has been formed and even after thermal treatments under O 2 and then under H 2 at 450˝C, carried out to eliminate the organics. PVP-stabilized Au-Pd colloids with several Au/Pd ratios, and synthesized either by co-reduction of the precursors in methanol by NaBH 4 or by sequential reduction of K 2 PdCl 4 in methanol by NaBH 4 then of HAuCl 4 by ascorbic acid, were added to a alumina-precursor sol-gel mixture [119] . After calcination and reduction at 300˝C to form alumina and remove PVP, the metal particles arising from co-reduction had a slightly Au-rich core and Pd-rich shell, and were slightly larger (5.5 nm) than in colloids (4.1 nm). In contrast, those arising from sequential reduction maintained their initial Pd core-Au shell structure and size (5.5 instead of 5.2 nm).
Au-Ni nanoparticles of 3-4 nm synthesized in reversed-micelles (Section 4.2) were embedded in 15 nm silica nanospheres. The NPs arose from Au(en) 2 Cl 3 and Ni(NH 3 ) 6 Cl 2 introduced in a cyclohexane solution of polyethylene glycol mono-4 nonylphenyl ether (NP-5), which were reduced with NaBH 4 /NH 3 BH 3 [120] . Ammonia solution then tetraethoxysilane (TEOS) was added to the micelles for the sol-gel synthesis.
We found only one example of synthesis involving the use of dendrimers. They were used to template the porosity of a support during sol-gel synthesis and to encapsulate bimetallic nanoparticles (Section 4.3). Au-Pd/TiO 2 was prepared from G4-PAMAM dendrimers in which Au-Pd NPs were synthesized [121] , then the DENs were added to a solution of titanium isopropoxide in methanol, which was gradually hydrolyzed with H 2 O. After aging, washing and drying, the average particle size was 1.8 nm, but increased to 3.2 nm after thermal treatments of calcination and reduction in H 2 at 500˝C to decompose and eliminate the dendrimers. EDS indicated homogeneous composition from one particle to another, close to 1:1.
Embedding after Matrix Synthesis
This mainly concerns mesoporous matrices with controlled and structured porosity. Bimetallic Au-Pd nanoparticles of 1.5 nm size were synthesized in G4-PAMAM dendrimers built into the channels of SBA-15 [91] . G4-PAMAM-SBA-15 powder was dispersed in HCl aqueous solution of pH 2. Then, aqueous solutions of K 2 PdCl 4 and HAuCl 4 were added dropwise. After stirring, the solid was washed and dried at 50 C. The metal was reduced in an excess of NaBH 4 . After filtration and drying, the bimetallic NPs were well-distributed inside the channels, with an average size of about 1.5 nm. HRTEM and EDS analysis of two particles attested that Pd/Au alloy NPs were obtained.
Highly ordered silica material SBA-16 with cage-like mesopores was synthesized and used to confine the formation of Au-Pd bimetallic nanoparticles [122] . Surface functionalized SBA-16 with APTES (3-aminopropyl triethoxysilane) was positively charged due to the hydrolysis of -NH 2 groups, which allowed easy adsorption of negatively charged PdCl 2 (OH) 2 2´a nd AuCl 4´a t 80˝C for 5 h.
The samples were washed then dried before reduction in H 2 at 400˝C. The mean Au-Pd NPs diameters (Au/Pd = 1/3 and 1/6) were around 6 nm, which coincided with the inner diameter of the SBA-16 super-cage. Combined EDX, UV-visible, XRD, and HRTEM allowed to propose that the particles consist of islands of Pd clusters on the surface of a larger Au-rich core. Such a structure was explained by the fact that Au 3+ has a higher redox potential (1.498 V) than that of Pd 2+ (0.951 V), therefore the reduction of Au 3+ is faster, and metallic Pd is expected to form afterwards. The method of successive reduction developed by Liu et al. for the preparation of Au-Cu and Au-Ag in SiO 2 and SBA-15 has been already described in Section 3.1 and Figure 2 . The support was first functionalized with APTES, and this was followed by HAuCl 4 adsorption-NaBH 4 reduction then after washing and drying by Cu(NO 3 ) 2 adsorption-NaBH 4 reduction [41, 43] or Ag(NO 3 ) 2 deposition-NaBH 4 reduction [42] . Again, after washing and drying, the solid was calcined at 500˝C to remove APTES then reduced at 550˝C in H 2 , leading to small bimetallic particles in the porosity. This method was reused by several authors for the preparation of Au-Ag in mesoporous materials [123] [124] [125] [126] .
Embedding in Inorganic-Organic Matrix
This section concerns Metal Organic Frameworks (MOFs), also called Porous Coordination Polymers (PCPs), which are 3-D structures of an organometallic polymer containing metal cations centers linked by organic ligands. One can find a few examples of synthesis of gold-based bimetallic NPs in MOFs. In all cases, the bimetallic particles were prepared post-MOF synthesis. The challenge is to synthesize the particles in the porosity of the 3-D structures.
The first example of synthesis of gold-based bimetallic particles in MOF was published in 2011 [127] . Au-Ag core-shell NPs were immobilized on a MOF ZIF-8, which is a 3D structure consisting of a Zn(MeIM) 2 framework where MeIM = 2-methylimidazole. Two sequential deposition-reduction protocols were used, Au then Ag and Ag then Au. ZIF-8 previously activated under vacuum at 300˝C was suspended in methanol to which a methanol solution of HAuCl 4 or AgNO 3 was added before further addition of NaBH 4 in methanol. After washing and drying at RT, the sample was used for the deposition-reduction of the second metal according to the same protocol as for the first step. In both cases, core-shell particles formed, according to STEM-HAADF and EDS; XPS revealed Au-rich core and Ag-rich shell for both types of samples with similar particles sizes from 2 to 6 nm and the presence of few aggregates (Figure 9 ). In the case of Ag then Au deposition-reduction, galvanic replacement occurred (Section 5.3) so when NaBH 4 was added in the second step, dissolved Ag + and remnant Au 3+ were co-reduced, leading to Au core-AuAg shell NPs. The results also revealed that the porous surface structure of ZIF-8 offered steric restriction to confine and prevent the growth of Au/Ag NPs although the particles were larger than the pore sizes of ZIF-8 (1.16 nm). and Ag-rich shell for both types of samples with similar particles sizes from 2 to 6 nm and the presence of few aggregates (Figure 9 ). In the case of Ag then Au deposition-reduction, galvanic replacement occurred (Section 5.3) so when NaBH4 was added in the second step, dissolved Ag + and remnant Au 3+ were co-reduced, leading to Au core-AuAg shell NPs. The results also revealed that the porous surface structure of ZIF-8 offered steric restriction to confine and prevent the growth of Au/Ag NPs although the particles were larger than the pore sizes of ZIF-8 (1.16 nm). A second paper was published the same year on the preparation of bimetallic Au-Pd nanoparticles in MOF MIL-101. This is also a 3-D structure forming mesoporous cages built with trimers of Cr(III) oxide octahedra and dicarboxylate linkers but containing much larger pore sizes (2.9-3.4 nm) and window sizes (1.2-1.4 nm) than ZIF-8. Au and Pd were introduced in MIL-101 and ethylenediamine (ED)-grafted MIL-101 (ED-MIL-101) by co-impregnation with an aqueous solution Figure 9 . HAADF-STEM images (a) and the corresponding EDS spectra (b) for as-synthesized 2%Ag-2%Au/ZIF-8 sample. The copper signal originates from Cu grid-Adapted with permission from [127] . Copyright 2011, American Chemical Society.
A second paper was published the same year on the preparation of bimetallic Au-Pd nanoparticles in MOF MIL-101. This is also a 3-D structure forming mesoporous cages built with trimers of Cr(III) oxide octahedra and dicarboxylate linkers but containing much larger pore sizes (2.9-3.4 nm) and window sizes (1.2-1.4 nm) than ZIF-8. Au and Pd were introduced in MIL-101 and ethylenediamine (ED)-grafted MIL-101 (ED-MIL-101) by co-impregnation with an aqueous solution containing HAuCl 4 and H 2 PdCl 4 [18] . With ED-MIL-101, electrostatic interaction occurred between the cationic NH 4 + group of ED and the anionic metal species (AuCl 4´a nd PdCl 4 2´) in acidic condition. After reduction at 200˝C, Au-Pd bimetallic particles were obtained but with smaller size in ED-MIL-101 (2-8 nm range with 20 wt % Au + Pd) than in MIL-101 (2-15 nm range). However, only the 2-3 nm size particles could be located inside the mesoporous pores, while the remaining NPs were immobilized on the surfaces of MIL-101 and ED-MIL-101. PVP-colloids of Au-Pd obtained by co-reduction of HAuCl 4 and PdCl 2 by NaBH 4 in the presence of PVP at 0˝C were adsorbed in MIL-101 [128] . After washing and drying, the sample was heated in H 2 at 200˝C, leading to NPs of 2.4 nm in average, but their location was not investigated.
To circumvent the problem of formation of particles outside the MOF pores, another synthesis strategy was elaborated. Xu et al. developed a preparation method combining the so-called "double-solvent" method of preparation and the so-called "overwhelming reduction" (OWR) approach to successfully form and encapsulate Au-Ni [129] , Au-Co [130] nanoparticles into the pores of MIL-101. The double-solvent method prevents the diffusion of the precursor compounds and products out of the pores of the host and the formation of NPs on the external surface of MOFs. The procedure was the following: MIL-101 previously activated under vacuum at 160˝C was suspended in dry n-hexane, the hydrophobic solvent. Then, an aqueous solution, the hydrophilic solvent, with a volume smaller than the MOF pore volume and containing HAuCl 4 and NiCl 2 [129] or HAuCl 4 and CoCl 2 [130] was added dropwise. It entered into the pores because of the hydrophilic character of the Cr-cluster trimer building block. After filtration and drying under vacuum, reduction was carried out with NaBH 4 with a pore-volume of solution that can also be incorporated into the pores by capillary force, and with a concentration high enough (0.6 M) to rapidly reduce all the metal precursors deposited in the pores of the MOF. This resulted in the formation of highly dispersed Au-Ni or Au-Co alloy NPs with average size of 1.8 nm encapsulated within the pores of MIL-101 and without deposition of the NPs on the external surface, as attested by various techniques of electron microscopy, HAADF-STEM, EDX and electron tomographic reconstruction. This method was further used by another group to prepare Au-Pd particles (2.8 nm) in MIL-101 from HAuCl 4 and PdCl 2 [131] .
Conclusions
As the basis of the conclusion, which also applies to other types of bimetallic systems, several remarks can be made:
The preparation methods based on deposition-reduction allow to generate bimetallic particles after thermal reduction; a fundamental question that would deserve deeper investigations is whether the bimetallic character of the particles builds during the reduction step or whether there is a driving force during precursor deposition (co-or successive deposition), which would favor interaction between the two precursors onto the support and afterwards the formation of bimetallic particles.
The preparation methods involving reduction-deposition, with the deposition of preformed bimetallic particles, take advantage of previous knowledge gained in the field of colloid chemistry on the mechanism of formation of bimetallic particles. Hence, the conditions of formation of some bimetallic systems are already well-known. The main issue with reduction-deposition is the possible evolution of the structure, composition, and size of the particles once they are deposited on a support, and especially when they are submitted to the thermal treatments performed to eliminate the stabilizing agents. The important issue of the reduction-deposition procedure is therefore to develop alternative methods to eliminate the stabilizing agents at lower temperature in order to minimize these changes.
The preparation methods based on surface redox reactions are also very attractive. These methods have been used for a long time for metal plating. However, it is only recently that they have been applied to catalyst preparation, after the first studies published by Barbier and colleagues in the 90 s. However the use of these methods is not straightforward as it requires careful preliminaries to find the right experimental conditions to avoid deposition of the ions of the second metal onto the support or their reduction in solution or in the case of galvanic replacement, the redeposition of the first metal onto the support after it has been re-oxidized by the second one (Figure 8 ).
Regarding the embedding methods, the main issue is the complete removal of the surfactant and/or stabilizing agents in conditions as soft as possible to avoid metal particle growth and structure changes especially when pre-formed metal particles are used, all the more because the thermal treatment requires most often both a calcination and a reduction.
It is noticeable that for the samples prepared according to all these methods, the residual contents of the elements entering into the composition of the metal precursors, precipitating agents, reducing agents etc. are barely reported although they may have a non negligible effect on the catalytic properties.
These remarks, which are certainly not exhaustive, show that there are still many things to learn, to understand, and to do in the field of the preparation of bimetallic catalysts, independently to the fact that the bimetallic particles may restructure during catalytic reactions.
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